The accumulation of amyloid-␤ protein into plaques is a characteristic feature of Alzheimer's disease. However, the contribution of amyloid-␤ plaques to neuronal dysfunction is unknown. We compared intracellular recordings from neocortical pyramidal neurons in vivo in APP-Sw (Tg2576 transgenic mice overexpressing amyloid precursor protein with the Swedish mutation) transgenic mice to age-matched nontransgenic cohortsatageseitherbeforeorafterdepositionofcorticalplaques.Weshowthattheevokedsynapticresponseofneuronstotranscallosalstimuli is severely impaired in cortex containing substantial plaque accumulation, with an average 2.5-fold greater rate of response failure and twofold reduction in response precision compared with age-matched nontransgenic controls. This effect correlated with the presence of amyloid-␤ plaques and alterations in neuronal process geometry. Responses of neurons in younger APP-Sw animals, before plaque accumulation, were similar to those in nontransgenic controls. In all cases, spontaneous membrane potential dynamics were similar, suggesting that overall levels of synaptic innervation were not affected by plaques. Our results show that plaques disrupt the synchrony of convergent inputs, reducing the ability of neurons to successfully integrate and propagate information.
Introduction
The amyloid hypothesis is central to the study of Alzheimer's disease (AD) (Hardy and Selkoe, 2002) . The amyloid-␤ peptide accumulates in AD brains in a number of forms, ranging from soluble oligomeric entities to insoluble macroscopic senile plaques. Although the presence of amyloid-␤ plaques is a necessary criterion for the diagnosis of AD, the effect of amyloid-␤ remains uncertain. Several different mechanisms of action of amyloid-␤ have been proposed from in vitro and modeling studies, including alterations in ion channel properties (Hartley et al., 1999; Ye et al., 2003) , increase in synaptic depression (Kamenetz et al., 2003) , and decrease in long-term potentiation (LTP) (Chapman et al., 1999; Walsh et al., 2002; Kamenetz et al., 2003) . These hypotheses predict changes in intrinsic membrane properties or synaptic properties of individual neurons exposed to amyloid-␤. In contrast, morphological studies of postmortem human brain have emphasized the possibility that abnormal geometry of dendrites and axons could lead to a loss of synchronous activation of convergent afferents (Knowles et al., 1999; Buldyrev et al., 2000) . Such an effect would be on the network as a whole rather than on individual cellular properties. Although a number of studies have measured effects of amyloid-␤ on individual neuronal function, the question of functional effects of amyloid-␤ on the cortical neuronal network has not been addressed at the cellular level. To test the hypothesis that amyloid-␤ affects synchronous activity of cortical neurons in vivo, we measured the functional properties of neurons in neocortex of Tg2576 transgenic mice [APP-Sw; Tg2576 (Hsiao et al., 1996; Hsiao, 1998) ] overexpressing amyloid precursor protein with the Swedish mutation (APP-Sw). In the cortex of these mice, the amount of soluble amyloid-␤, as well as insoluble, plaques increases in an age-dependent manner (Kawarabayashi et al., 2001) . We compared measurements in neurons at two ages of APP ϩ mice and their transgene-negative littermates: 8 -9 months, at which age soluble amyloid-␤ has accumulated but plaques have not yet formed, and at Ն14 months, at which age considerable plaque accumulation has occurred.
Materials and Methods
Surgery. Tg2576 (Hsiao et al., 1996) mice were used for this study. Mice were anesthetized with ketamine-xylazine (150 and 12 mg/kg, respectively) and placed in a custom-built stereotaxic device. Temperature was maintained at 37°C. The scalp was removed, and the skull was cleaned of tissue. Small holes were drilled for EEG electrodes and stimulating electrodes. A 3 ϫ 3 mm craniotomy was opened, with the center directly contralateral to the position of the stimulating electrode. A bipolar stimulating electrode was inserted into the right cortical hemisphere 2-4 mm posterior to bregma and 2-4 mm lateral to midline. A cisternal drain was opened to reduce brain pulsations. Stimulating electrodes were bipolar Teflon-coated tungsten rods (0.008 inch uninsulated diameter) sharpened under microscopic control to a 20°angle and glued with dental acrylic. Uninsulated tips measured Ͻ0.5 mm, and distance between tips was 0.5 mm. Electrode impedance measured 0.5-0.8 M⍀ in PBS.
Recording. Recording electrodes [1.5 mm outer diameter, glass (A-M Systems, Carlsborg, WA); resistance, 30 -80 M⍀; filled with 4% biocytin (Sigma, St. Louis, MO) and, in some cases, 25 mM QX-314 dissolved in 1 M potassium acetate (Sigma)] were lowered into the cortex (as far as possible) directly contralateral to the stimulating electrode. When a neuron was impaled, stimuli were presented with increasing amplitude (n ϭ 10; 0.2 Hz) until a consistent response was observed. Stimuli presented were 115% of this value. A high-impedance amplifier with active bridge circuitry (IR-283; Cygnus Technology, Delaware Water Gap, PA) was used to measure spon-taneous and evoked membrane potentials. Data was directly acquired via an analog-to-digital board (National Instruments, Austin, TX) using custom software at 5 kHz. Spontaneous activity was measured for 5 min minimum per neuron. At least 30 stimuli per neuron were presented for response analysis.
Histology. After recording, the animals were given an overdose of ketamine-xyalzine or pentobarbital, a transcardial perfusion (4% paraformaldehyde in PBS) was performed, and the brains were postfixed for 24 hr. Sections containing recorded-stained neurons were reacted with avidin-biotin complex and diaminobenzidene (Horikawa and Armstrong, 1988) and thioflavine-S (Kelenyi, 1967) for plaque visualization. Adjacent sections were stained with SMI-32 (Campbell and Morrison, 1989) for measurement of neuritic curvature. Neuritic curvature ratios were calculated by dividing the path length of neuritic segments by the shortest end-toend distance (Knowles et al., 1998) .
Results
When recorded in anesthetized animals in vivo, the membrane potential of neocortical neurons spontaneously fluctuates between a relatively quiescent resting potential ("down state") and a more depolarized state ("up state"), characterized by high-frequency activity centering around, or just negative to, action potential threshold Cowan and Wilson, 1994) . The two states can be separated by as much as 20 mV (average, 11.33 Ϯ 3.4 mV); from the down state, a considerable amount of depolarization (i.e., analog-todigital large number of synaptic inputs) is required to reach threshold values. For an action potential to arise, the membrane potential must transition to the up state. The membrane potential fluctuations are caused by synchronized afferent activity. The afferents are primarily cortical in origin and can arise from neurons widely distributed over cortical areas (Timofeev et al., 2000) . Figure 1 shows an example of two pyramidal neurons recorded sequentially from the neocortex of a 14-month-old mouse stained by intracellular injection of biocytin. Dense-core plaques stained with thioflavine-S are clearly seen, and the high-magnification images show the distortion of the neuronal processes by the plaques.
All identified neurons had pyramidal morphology ( Fig. 1a ) and prominent dendritic spines. All recorded neurons had membrane potential dynamics and response to current pulses consistent with those of pyramidal neurons (McCormick et al., 1985; Nowak et al., 2003) . Figure 1d shows spontaneous membrane potential recordings from a 14-month-old APP ϩ cortical neuron and an age-matched negative cohort. Although in vitro studies suggest that high levels of amyloid-␤ can impair NMDAdependent synaptic transmission and increase synaptic depression (Kamenetz et al., 2003) , no significant differences in membrane potential values or dynamics were observed between Tg ϩ and Tg Ϫ neurons in 8-to 10-month-old or Ն14-month-old mice (Table 1 ). These data indicate that the overall levels of synaptic input were not disrupted by amyloid-␤ accumulation.
To test the hypothesis that amyloid-␤ plaques physically disrupt the neuronal network, we recorded the responses of cortical neurons to contralateral cortical electrical stimulation. After determination of threshold for each neuron (see Materials and Methods), 25-35 superthreshold stimuli were given. Typical responses for Ն14-month-old nontransgenic neurons are shown in Figure 2a . Responses of the Tg Ϫ neurons were relatively stereotypical, depending on the membrane potential state of the postsynaptic neuron. When the stimuli arrived during the down state (black traces), the membrane potential typically transitioned to the up state, and one or more action potentials occurred, with a mean latency of the first action potential being 23.96 Ϯ 6.06 msec (average Ϯ SD withinneuron). When the stimuli arrived during the up state (gray traces), the average latency of the first spike was 22.59 Ϯ 5.49 msec. Typically, the neuron fired a few times and the membrane potential then fell into the down state. Although not observed previously in mice, these responses are similar to those observed in the responses of cortical neurons in vivo to various electrical (Landry et al., 1984; Nunez et al., 1993; Cisse et al., 2003) and sensory (Moore and Nelson, 1998; Azouz and Gray, 1999; Zhu and Connors, 1999; Anderson et al., 2000; Sanchez-Vives et al., 2000; Stern et al., 2001 ) stimuli in rats and cats.
Transcallosal stimuli produced far less stereotypical responses in Ն14-month-old APP ϩ mice (Fig. 2b) . The latency and pattern of the evoked action potentials in both states were significantly more variable in older APP ϩ cortical neurons than in APP Ϫ or younger APP ϩ neurons (two-way ANOVA; Tukey-Kramer post hoc comparisons; p Յ 0.05). The latency of the first spike evoked from a stimulus in the up state was 33.00 Ϯ 12.93 msec and from a stimulus evoked from the down state 45.64 Ϯ 17.53 msec. The number of response failures in the transgenic neurons (no change observed within 100 msec) was on average approximately twofold greater when evoked from the up state and approximately fourfold greater in the down state. The greater failure rates for stimuli evoked from the down state presumably arise from the order-of-magnitude 
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14.0 Ϯ 6.7 (n ϭ 8) 12.8 Ϯ 6.0 (n ϭ 10) 11.6 Ϯ 8.5 (n ϭ 8) 16 Ϯ 9.3 (n ϭ 11) larger number of synchronized inputs needed to evoke a response in that state. Similar increase in response jitter and failure rate does not occur in 8-to 10-month-old APP ϩ cortical neurons, suggesting that the effect is not simply attributable to APP overexpression or formation of soluble oligomeric assemblies. The responses in 8-to 10-month-old APP ϩ cortical neurons did not differ from those in 8-to 10-month-old nontransgenic cohorts. Preliminary data from 4-month-old APP ϩ and nontransgenic animals were indistinguishable from the 8-to 10-month-old results. These data indicate that neurons in cortex containing substantial plaque accumulation do not respond to stimuli as precisely as age-matched nontransgenic or young transgenic animals.
We next examined the possibility that the reduced response reliability in older APP ϩ neurons is a result of the effects of amyloid-␤ on intrinsic, spike-generating mechanisms by measuring responses to stimuli in Ն14-month-old neurons injected with QX-314 (Connors and Prince, 1982) . Examples of responses to contralateral stimuli are shown in Figure 3 , a and b. Although individual responses (gray traces) of APP ϩ neurons can be approximately as large as those in nontransgenic neurons, the variation of timing, the large number of small responses, and failures substantially reduces the average response (heavy black trace). Separating the responses by membrane potential state ( Fig.  3c-f ) reveals the increase in variability in responses in both the up and down states of the membrane potentials of the APP ϩ neurons, as well as the increased number of failures. The results for the sample of APP ϩ and negative cohort neurons are summarized in the graphs in Figure 3 , g and h. These results show that the source of the decreased response reliability of cortical neurons is not simply an effect of amyloid-␤ on the intrinsic electrical properties of cortical neurons but rather a result of reducing the temporal synchrony of afferent synapses. Because the afferent synapses must be relatively synchronized to raise the membrane potential from the down state to the up state and initiate action potentials from the up state (Stern et al., 1997) , timing of the convergent inputs is critical for neuronal function. Because the synaptic response of a cortical neuron depends on the spatiotemporal convergence of several afferents, the distortion of the afferents in a heterogeneous manner may blur the temporal summation by the postsynaptic neuron.
We next asked whether morphological alterations could underlie this apparent failure of synaptic summation. One specific type of plaque, usually referred to as dense-core or thioflavine-Spositive plaques, comprises ϳ10% of the total amyloid-␤ burden in neocortex (Hyman et al., 1993) . Neuronal processes do not traverse dense-core plaques but are deflected around them, thus significantly distorting their morphology and presumably affecting their function (Masliah et al., 1993; Knowles et al., 1999; Le et al., 2001; D'Amore et al., 2003) . The disruption of connectivity in the cortical network by distributed, insoluble protein aggregations has been suggested, on theoretical grounds, as an underlying mechanism of the cognitive dysfunctions associated with AD (Knowles et al., 1999) . Although thioflavine-S-positive plaques fill only a small percentage of the cortical volume, they are sufficiently common that all of our identified neurons (n ϭ 9) in Ն14-month-old APP ϩ mice had neuritic fields disrupted by these plaques (Fig. 1) . These results complement previous obser- vations using in vivo multiphoton microscopy that show that Ͼ50% of processes in the vicinity of plaques are morphologically altered (D'Amore et al., 2003) . To test the hypothesis that plaqueassociated changes in dendritic and axonal morphology could underlie the observed disruption of synaptic function, we measured average neuritic curvature ratios (see Materials and Methods) in SMI-32-stained sections from the younger and older APP ϩ mice used in this study to quantify the relationship between neuritic curvature and synaptic variability (Fig. 3i) . We found a clear association between extent of average neuritic curvature and degree of response jitter (r S ϭ Ϫ0.575; df ϭ 10; p Յ 0.05). These data indicate that the degree of synaptic dysfunction and spatial distortion of neurites are not independent.
Discussion
The synaptic dysfunction observed in this study is the first measure of an effect of amyloid-␤ plaques on neocortical synaptic transmission in single neurons in vivo. We propose that the increased synaptic variability seen here is not caused by molecular effects of amyloid-␤ on single synapses. Rather, we propose that the major effect of amyloid-␤ plaques is on the cortical network as a whole: the cause of the increased response variability is the reduced synchrony of converging synaptic inputs, which is at least partially caused by the physical distortion of the axonal and dendritic processes by insoluble protein aggregates. Spiking activity in the cortical network is to a large extent governed by coordinated synchronous presynaptic activity (Stern et al., 1997; Pare et al., 1998; Azouz and Gray, 1999; Destexhe and Pare, 1999) . The overall level of spontaneous cortical activity in the transgenic mice is indistinguishable from that observed in nontransgenic mouse cortical neurons, which is consistent with the finding that no measurable synaptic loss is present in these models. Each pyramidal neuron in mouse neocortex receives ϳ10,000 -15,000 excitatory inputs (Braitenberg and Schüz, 1998) . Apparently, in the presence of substantial plaque accumulation, enough of these inputs arrive synchronously to generate membrane potential dynamics. However, for a given signal to be reliably transmitted through a network of converging and diverging projections, a relatively large number of inputs must arrive at the neuron within a narrow time window. In a separate study, using simultaneous intracellular and multiple extracellular recordings, we estimated that ϳ60 unit postsynaptic potentials (PSPs) arriving within 10 msec are required to elicit an action potential from the up state and ϳ500 PSPs to cause a transition from the down to the up state (Leger et al., personal communication) . Thus, ϳ5% of the total excitatory synapses would need to be activated to cause a state transition, and an additional 0.6% of the total excitatory afferents would be needed to generate a spike from the up state. To maximize physiological relevance, in our experiments, we used the minimal levels of stimulation necessary to evoke responses in control neurons. The disruption of the evoked responses observed here suggests that the minimal levels of stimulation required for reliable information propagation through the network is significantly increased in plaquecontaining cortex. In other words, it is not the number of synaptic afferents being disrupted by plaques but, rather, their synchrony. The desynchronization of the arriving PSPs would explain the increased numbers of transition failures from the down to up states, as well as the increased response jitter and failures from the up state in the aged transgenic animals. Because the transition from down to up state requires an order of magnitude more synchronous PSPs than does the generation of an action potential from the up state, we would expect that the responses from the down state would be more sensitive to disruption of synchrony by plaques (Fig. 3) . The implications of this are that reliable cortical information processing is highly dependent on spatial structure, and, indeed, theoretical studies have shown that, on several levels, the connectivity of the brain is optimized for minimal neuritic length (Chklovskii, 2000; Chklovskii et al., 2002) . We do not discount the findings that soluble amyloid-␤ affects synaptic function. Although the synaptic dysfunction observed here occurs only in older mice in cortex with substantial numbers of plaques, the amount of soluble amyloid-␤ in cortex also increases as a function of age (Kawarabayashi et al., 2001 ). However, elevated soluble amyloid-␤ is also present at the younger age measured here. Increased oligomeric amyloid-␤ has been shown to alter hippocampal synaptic transmission (Chapman et al., 1999; Walsh et al., 2002; Kamenetz et al., 2003) , especially reducing measures of plasticity, such as LTP. Although it is possible that soluble amyloid-␤ affects synaptic transmission only after reaching a certain threshold level, the presence of a correlation between the degrees of morphological alterations and electrophysiological impairments leads us to favor the hypothesis that the reduction in response precision observed in this study differs from those seen in previous in vitro electrophysiological studies and are at least partially attributable to the physical distortion of neuronal structure by insoluble amyloid-␤.
Although the increased synaptic jitter is correlated with increases in neuritic curvature, a number of other factors may contribute to the alterations in synaptic physiology observed here. In particular, dystrophic axons and dendrites that envelop fibrillar amyloid have been observed in the cortical neuropil (Masliah et al., 1993 (Masliah et al., , 1996 Holtzman et al., 2000; Dickson and Vickers, 2001; Brendza et al., 2003) . These neurites are enlarged and may very well have altered physiological properties, such as axonal conduction velocities and synaptic release properties (Ferrer et al., 1998) . The contribution of these dystrophic neurites to synaptic response properties has never been measured.
Synaptophysin immunoreactivity levels are normal at the ages of Tg2576 mice used in this study (Irizarry et al., 1997) . However, the question of synaptic remodeling remains open: are neurites simply "stretched" when distorted by plaques and retain their specific connections, or do neurites reconnect to different afferents-efferents after distortion? Although the data in this study cannot directly address this question, clearly the physical disruption of neurites has a functional correlate. Indeed, it may be that the ability to remodel connections is essential for normal neuronal function and may underlie certain forms of synaptic plasticity (Stepanyants et al., 2002; Trachtenberg et al., 2002) .
This study provides the first direct evidence that neocortical synaptic function in vivo is affected by amyloid-␤ plaques, suggesting a distinct role for insoluble plaques, which could act as a distributed lesion disrupting neural systems, contributing directly to AD dementia. This work also has important implications for possible therapeutic strategies for treatment of AD, in that clearing plaques may have different consequences than does reducing soluble amyloid-␤ on neuronal function (Lombardo et al., 2003) .
